High-extinction on -off modulators are essential for channel selection in integrated-optical sensor arrays. We report a standard SiON-technology-based electrostatically driven integrated mechano-optical waveguide on -off intensity modulator. On -off modulation is achieved by movement of an absorbing element into and out of the evanescent f ield of the guided mode. An extinction ratio of .37 dB at an actuation voltage of ,30 V was achieved in a 6 mm 3 4 mm device for a wavelength of 632.8 nm. Full wafer-scale fabrication is made possible by use of chemical mechanical polishing and aligned wafer bonding.
The field of integrated mechano-optics has been receiving a lot of attention in the past few years. 1 An interesting class in this field is formed by devices that are based on the integrated-optical nanomechanical effect. Here the mechano-optical interaction is obtained by movement of an element into the evanescent field of a guided mode. Figure 1 is a schematic representation of this mechanism. The effect was identif ied by Lukosz 2 and named after the nanometer-scale movement of the element in the evanescent field, which itself has a penetration depth into the air of the order of the wavelength used (ϳ500 to 1500 nm). A multitude of devices based on the integrated-optical nanomechanical effect have been proposed and demonstrated. Among them are Mach -Zehnder-based 1 3 2 switches, 3, 4 Bragg-ref lector-based tunable wavelength filters, 4, 5 and an acousto-optic sensor. 6 All these devices are essentially based on phase modulation; i.e., a transparent element is moved into the evanescent field, resulting in modulation of the real part of the effective refractive index of the guided mode. In general, the device functionality in these studies was obtained by translation of the phase modulation into an intensity modulation by an interference-based mechanism.
One can also obtain an on-off intensity modulator by electrostatically driving an absorbing element into the evanescent field of the guided mode, 4 which results directly in intensity modulation, since the imaginary part of the effective refractive index of the guided mode is changed. In contrast with a Mach -Zehnder-based modulator, this modulator behavior is nonperiodic, and the extinction that can be obtained is shown to be very high (37 dB). In addition, no actuation is required in the on state. An intrinsic drawback of this approach, however, is the loss of the optical power in the off state, since the mechanism is based on absorption. The device performs an elementary optical function and is expected to be of use in various applications, for example, channel selection in intensity-based integrated-optical sensor arrays, 7 in which high extinction is of major importance.
For an on -off modulator fabricated with sacrif icial etching techniques, an extinction ratio of 17 dB for an actuation voltage of 50 V was reported. 4 In this Letter we propose and demonstrate a device that is fabricated through standard silicon technology with a two-wafer technique. The movable elements and the optical waveguides are fabricated separately on mechanical and optical wafers, respectively, and assembled together by use of aligned wafer bonding, 8 which is made possible by chemical mechanical polishing. 9 Owing to good control of the fabrication process, a device with an extinction ratio of 37 dB for a driving voltage of 30 V was obtained. This Letter mainly concerns the device design and performance.
The device is designed with SiON technology for a wavelength of l 632.8 nm (He -Ne) and TE polarization. The waveguide that is used consists of a Si 3 N 4 core layer ͑n g 2.01͒ on top of a SiO 2 buffer layer ͑n s 1.46͒. A monomode high-guidance waveguide makes it possible to obtain a large power fraction of the guided mode in the air, while the penetration depth is small. 10 In this way minimal movement of the element is required for obtaining signif icant effects. The movable element is made of Si ͑n e 3.85 2 0.019i͒, which is not transparent for the wavelength used. Figure 2 shows the calculated attenuation of the guided slab mode as a function of the gap width between the waveguide and the absorbing element, with core layer thickness d as a parameter. From the can also be seen that the gap width before actuation has to be larger than 600 nm to ensure that in the on state no significant attenuation (i.e., ,0.01 dB͞cm) occurs in the modulator. This value, however, cannot be taken as the initial gap width, because the input and output waveguides are covered by a SiO 2 cladding layer ͑n 1.47͒ that also serves as a spacer layer in the assembled system. In this region the evanescent field has a larger penetration depth, and the gap width has to be enlarged to 800 nm to ensure that the attenuation is ,0.01 dB͞cm. Therefore an initial gap width (equal to the cladding thickness) d gap 800 nm is chosen. The abrupt transition between the SiO 2 -clad region of the waveguide and the (air-clad) modulator region is the main source of the insertion loss of the device (i.e., compared with a clad waveguide of the same length). Calculations show that these losses are smaller than 0.05 dB per transition and therefore only 0.1 dB for the complete device. The light is confined laterally by a 2.5-mm-wide, 1.8-nm-high ridge in the Si 3 N 4 layer. The thickness of the buffer layer was chosen to be 3 mm, which is sufficient for avoiding losses to the substrate. The resulting waveguide is monomodal. Since most integrated-optical sensors are polarization dependent, the devices were designed for one specific polarization (TE). However, the device behavior is, in principle, polarization independent. Once the absorbing element is down, both TE-and TM-polarized guided light will experience extremely high absorption and reach the off state. Nevertheless, TM polarization will require thicker cladding layers, which will lead to a slight increase in the modulation voltage.
A schematic representation of the membrane and the movable element is given in Fig. 3 . The rectangular movable element is located in the center of a four-side clamped rectangular membrane.
The device is actuated electrostatically by application of voltage between the mechanical and the optical silicon wafers. Assuming that the element bending does not contribute to the def lection significantly, the def lection D of the element for an actuation voltage V can be calculated 11 from 11 This means that in the region 0 nm , d gap , 300 nm no stable equilibrium for the position of the element exists. If the applied voltage is larger than the pull-in voltage, V pull-in 22.8 V, the gap will immediately fall to 0 nm, i.e., the position at which the extinction is at maximum. Therefore above 22.8 V the device will switch to the off state.
In the present design the cavity is connected to the outside by air channels def ined in the spacer layer. In this way the buildup of air pressure in the chamber, which would result in a higher actuation voltage and more air damping, is avoided.
The device was fabricated as described in Ref. 8 . First the extinction was measured as a function of applied voltage V . We eliminated drift effects owing to loading by driving the device by a high-frequency Figure 4 shows the experimental and the theoretical throughput versus the actuation voltage curve, the latter being obtained by combination of the data from Fig. 2 and Eq. (1). In both curves the values of the required driving voltage correspond well to each other. An extinction ratio of 37 dB is obtained for an actuation voltage of 30 V. This is a high extinction ratio value compared with the ratios of 20 dB that are typically obtained by devices based on phase modulation. The real extinction ratio deteriorates as a result of radiation modes that strike the detector, and it is expected that in improved designs, which avoid the occurrence of these modes, even higher extinction ratios will be obtained. The extinction ratio remains constant when the voltage is increased above 30 V. The device shows the intended functionality, and one can use it as an on-off modulator by switching from a voltage below 20 V to a voltage above 30 V. If a throughput attenuation exceeding 0.01 dB͞cm is allowed, one can decrease the actuation voltage by choosing a lower value of the initial gap.
Pull-in (i.e., an abrupt increase in the extinction) is not observed in the tested device. This discrepancy between measurement and model is still under investigation, but it is believed that it can be attributed to irregularities in the membrane thickness that cause a nonuniform def lection of the element. Although this behavior was not expected, it permits the use of this device as an analog intensity modulator in which the extinction can be tuned in the range from 0 to 37 dB by application of an appropriate voltage of 20 to 30 V.
The maximum actuation frequency at which the device still shows full extinction is approximately 1 Hz at 30 V. The actuation frequency is limited by damping caused by the air in the gap region. 13 Under vacuum conditions, the fundamental mechanical eigenfrequency of the membrane-element unit was measured to be 17.0 kHz at 20 mTorr, which agrees well with the calculated value of 17.8 kHz. 14 This means that, by sealing the modulator in a vacuum environment in future designs, one can obtain a modulation frequency of at least 1 kHz (which is well below the eigenfrequency).
In conclusion, a new standard SiON-technologybased, electrostatically driven integrated mechanooptical waveguide on -off intensity modulator is reported. An extinction ratio .37 dB at a driving voltage of ,30 V has been achieved in a 6-mm-long device for a wavelength of 632.8 nm. Wafer-scale fabrication is made possible by the use of chemical mechanical polishing and aligned wafer bonding. For future designs, several approaches have been proposed to improve further the relevant device characteristics.
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